Background-We tested the hypothesis that the hereditary hemochromatosis genotypes C282Y/C282Y, C282Y/H63D, or C282Y/wild-type are risk factors for ischemic heart disease (IHD) and myocardial infarction (MI). Methods and Results-We performed a prospective study of 9178 individuals from the Danish general population followed up for 24 years, during which 1035 and 511 developed IHD and MI, respectively, and a case-control study of 2441 and 1113 IHD and MI cases versus 8080 controls. C282Y/C282Y, C282Y/H63D, and C282Y/wild-type versus wild-type/wild-type individuals were not associated with increased risk of IHD or MI in prospective studies, overall or stratified by gender. We had 90% power to detect a hazard ratio for IHD of 3.4 for C282Y/C282Y, 1.9 for C282Y/H63D, and 1.3 for C282Y/wild-type versus wild-type/wild-type. Furthermore, these genotypes were not associated with increased risk of IHD or MI in case-control studies, overall or stratified by gender. We had 90% power to detect an odds ratio for IHD of 3.6 for C282Y/C282Y, 1.8 for C282Y/H63D, and 1.3 for C282Y/wild-type versus wild-type/wild-type. Conclusions-In these studies, hereditary hemochromatosis C282Y/C282Y, C282Y/H63D, and C282Y/wild-type genotypes were not associated with IHD or MI; however, the study lacked the power to exclude the possibility that C282Y/C282Y and C282Y/H63D individuals have a modestly increased risk of IHD or MI. (Circulation. 2005;112: 185-193.)
T he role of increased iron levels as a risk factor for ischemic heart disease (IHD) remains controversial. 1, 2 The hypothesis is that oxidation of iron, which generates free hydroxyl radicals, leads to an increase in oxidized LDL within the arterial wall and thus accelerated development of atherosclerosis and IHD. 3, 4 Hereditary hemochromatosis is a genetic disease that leads to lifelong increased iron accumulation throughout the body. 3 Therefore, hereditary hemochromatosis provides a model to study the effect of iron overload on the risk of IHD. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Most patients with hereditary hemochromatosis are homozygous for Cys282Tyr (C282Y/C282Y) in the HFE gene 3, 20 ; however, individuals who have compound heterozygosity for C282Y and His63Asp (C282Y/H63D) or who are heterozygous for C282Y (C282Y/wild-type) also have biochemical signs of iron overload. 21, 22 Consequently, the C282Y/C282Y, C282Y/H63D, and C282Y/wild-type genotypes found in 0.3%, 1.4%, and 9.2% of individuals of Danish descent, 21, 23 respectively, may all lead to oxidation of LDL within the arterial wall, accelerated atherosclerosis, and consequently increased risk of IHD, although this remains controversial. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] We tested the hypothesis that the C282Y/C282Y, C282Y/ H63D, or C282Y/wild-type genotypes are risk factors for IHD and myocardial infarction (MI). For this purpose, we performed (1) a study of 9178 individuals from the Danish general population followed up for 24 years, during which 1035 and 511 developed IHD and MI, respectively, and (2) a case-control study of 2441 and 1113 IHD and MI cases versus 8080 controls. unmatched controls and 7829 matched controls (matched by 2-year age intervals and by gender) free of IHD from the Copenhagen City Heart Study. Controls in strata without cases were excluded from the analyses in the matched study.
Participants

The Copenhagen City Heart Study
The Copenhagen City Heart Study is a prospective cardiovascular study of individuals randomly selected on the basis of the Danish Central Population Register Code to reflect the adult general population. The participants, age stratified within 10-year age groups from 20 to 80 years, were examined in 1976 to 1978, 1981 to 1983, and 1991 to 1994. 24,25 More than 99% were whites of Danish descent. All 3 examinations included a self-administered questionnaire, a physical examination, and blood samples; 9178 participants were genotyped for hereditary hemochromatosis (C282Y, H63D). Among these, none were registered with a diagnosis of hemochromatosis during follow-up.
Clinically overt hemochromatosis was not diagnosed in any of the 23 C282Y/C282Y individuals before the study. One was accidentally diagnosed with increased iron levels, which led to measurement of transferrin saturation of 80% and a ferritin level of 452 g/L and the subsequent finding of C282Y homozygosity without clinically overt hemochromatosis. Four of the 23 C282Y/C282Y individuals had been blood donors, and 1 had given Ͼ50 U of blood. All living C282Y/C282Y individuals were informed about their genotype status, the possibility of a slightly increased risk of developing hemochromatosis, and that phlebotomy could be considered. Of the 20 C282Y/C282Y individuals still alive in 2001, all were referred to a hospital for further control and possible treatment for hemochromatosis (in 2001). The further fate of the C282Y/C282Y individuals will therefore not affect the results in the present study, because our follow-up stopped at the end of 1999.
Information on diagnoses of IHD (World Health Organization International Classification of Diseases, 8th edition, codes 410 to 414; 10th edition, codes I20 to I25) was gathered until the end of 1999 from the Danish National Hospital Discharge Register, the Danish National Register of Cause of Death, and medical records from general practitioners and hospitals. IHD was defined as a previous MI or characteristic symptoms of stable angina pectoris. 26 The diagnosis of MI (World Health Organization code 410 or I21/I22) required the presence of at least 2 of the following criteria: (1) characteristic chest pain, (2) elevated cardiac enzymes, and (3) ECG changes indicative of MI. The study was approved by the Danish ethics committee for the City of Copenhagen and Frederiksberg and by Herlev University Hospital. Participants gave informed consent.
Copenhagen University Hospital
During the period 1991 through 2003, we recruited 2441 IHD patients from the greater Copenhagen area referred to Copenhagen University Hospital, Rigshospitalet, for coronary angiography. The diagnosis of IHD was obtained from experienced cardiologists based on angina pectoris plus at least 1 of the following criteria: stenosis/ atherosclerosis on coronary angiography, a previous MI, or signifi- 
Analyses
We performed 2 polymerase chain reaction assays with allelespecific amplification for every individual to determine noncarrier states, heterozygosity, or homozygosity for the C282Y and H63D polymorphisms. 23 To confirm the diagnosis of H63D, we retyped all those initially genotyped as H63D/wild-type, H63D/H63D, and C282Y/H63D with polymerase chain reaction followed by restriction enzyme digestion. This method was also used to confirm the diagnosis of C282Y in C282Y/C282Y and C282Y/H63D genotypes. Colorimetric and turbidimetric assays were used to measure plasma levels of total cholesterol, HDL cholesterol, triglycerides, fibrinogen (all Boehringer Mannheim), and lipoprotein(a) total mass (DAKO). Body mass index was calculated as weight in kilograms divided by height in meters squared. Hypertension was defined as (1) systolic blood pressure Ն140 mm Hg, 27 (2) diastolic blood pressure Ն90 mm Hg, 27 or (3) treatment with antihypertensive drugs. Smokers were persons who currently smoked. Diabetes mellitus was self-reported disease, use of insulin, use of oral hypoglycemic drugs, and/or nonfasting plasma glucose Ͼ11 mmol/L.
Oxidized LDL, transferrin saturation, and ferritin levels were determined for each genotype group in the prospective study with blood from the 1991 to 1994 examination. In this cross-sectional design, 23 C282Y/C282Y individuals were matched for gender, age (in 10-year groups), and alcohol consumption (in gender-specific tertiles) 21 with 2 subjects each from the other 5 genotypes. Because of technical error, the sample from 1 of the C282Y homozygotes was not measured, and consequently, the 2 matched persons in each of the other genotypes were also excluded. Oxidized LDL was measured with a solid-phase, 2-site enzyme immunoassay (Mercodia Oxidized LDL ELISA). Transferrin was measured on a Nephelometer Analyzer II (Behring), ferritin levels were determined on a Technicon Immuno 1 System (Bayer), and iron levels were measured on a Vitros 950 autoanalyzer (Johnson & Johnson). Transferrin saturation (%) was determined as iron levels (in mol/L) divided by 2ϫtransferrin levels (in mol/L).
Statistical Analyses
The statistical software package Stata/S.E. 8.0 was used. For power calculations, NCCS-PASS was used. Two-sided probability values Ͻ0.05 were considered significant. Categorical variables were compared with the Pearson 2 test. The Student t test was used for 2-group comparisons; plasma triglycerides, lipoprotein(a), and HDL cholesterol levels were logarithmically transformed to approach normal distribution. Because age was not normally distributed, the Mann-Whitney U test was used to compare age in 2-group comparisons. We used the Mann-Whitney U test for 2-genotype comparisons of ferritin, transferrin saturation, and oxidized LDL.
In prospective studies, plots of cumulative incidence as a function of age are presented. Differences between hemochromatosis genotypes were tested for significance with the log-rank test. Cox regression models with age as the time scale were used to estimate hazard ratios for IHD and MI; this implies that there was automatic adjustment for age. Information on duration of risk factors was included in the prospective models.
In unmatched and matched case-control designs, unconditional and conditional logistic regression models, respectively, were used to estimate ORs for IHD and MI. The matched analysis resulted in 37 
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Cumulative incidence of IHD and MI as function of age for hemochromatosis genotypes vs wild-type/wild-type in general population.
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2-year strata in both men and women, with an average of 3.2 control subjects per case subject. Risk factor status was based on the last examination date. Box-Tidwell transformation was used to test for linearity in the logit among continuous covariates. The following transformations were used: the inverse to the third square of body mass index, the inverse to the square of total cholesterol, the square root of HDL cholesterol, and logarithmic transformation of triglycerides.
To test for bivariate multiplicative interaction between genotype and the covariates listed in Table 1 on IHD and MI in Cox and logistic regression models, 2-factor interaction terms were included individually in the different models and tested for significance with a likelihood ratio test. No statistically significant interactions were observed. We used Bonferroni correction for multiple comparisons. For each genotype, we calculated the hazard ratio in the prospective study and the OR in the case-control study that could be detected with 90% power assuming a 2-sided PϽ0.05.
Results
Major cardiovascular risk factors at entry were more prevalent among participants who later developed IHD and MI than among controls with regard to the Copenhagen City Heart Study participants (Table 1 ). This was also the case for many risk factors in the case-control studies; however, for IHD and MI patients, total cholesterol and smoking frequency were lower than among controls. This is most likely explained by cholesterol-lowering therapy and smoking cessation in IHD and MI patients after diagnosis.
Prospective Study
Iron Status and Oxidized LDL
Ferritin levels were increased in C282Y/C282Y versus wildtype/wild-type genotypes overall and when stratified according to gender (Table 2 ). However, there was no difference between C282Y/H63D, C282Y/wild-type, H63D/H63D, and H63D/wild-type versus wild-type/wild-type genotypes, which indicates that individuals with these genotypes did not show evidence of iron overload.
Compared with the wild-type/wild-type genotype, transferrin saturation levels were increased in C282Y/C282Y overall and in men and women separately, in C282Y/H63D overall and in men and women separately, and in C282Y/ wild-type overall ( Table 2 ). H63D/H63D versus wild-type/ wild-type showed evidence of increased transferrin saturation levels overall and in men, whereas this was not the case for H63D/wild-type. Only the C282Y/C282Y genotype had average transferrin saturation levels Ͼ50%. There were no 
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differences in the levels of oxidized LDL between any hemochromatosis genotype and wild-type/wild-type, overall or stratified by gender ( Table 2 ).
Ischemic Heart Disease
Cumulative incidence of IHD as a function of age for hemochromatosis genotypes versus wild-type/wild-type did not differ (Figure) . Crude and adjusted hazard ratios for IHD in C282Y/C282Y, C282Y/H63D, C282Y/wild-type, H63D/ H63D, and H63D/wild-type versus wild-type/wild-type individuals were all nonsignificant (Table 3 ). There was 90% power to detect a hazard ratio for IHD of 3.4 for C282Y/ C282Y, 1.9 for C282Y/H63D, and 1.3 for C282Y/wild-type versus wild-type/wild-type. After stratification by gender, crude and adjusted hazard ratios for IHD in men were also nonsignificant. In women, crude and adjusted hazard ratios for IHD for H63D/wild-type compared with wild-type/wildtype were 1.3 (95% CI 1.0 to 1.6; Pϭ0.03) and 1.3 (95% CI 1.1 to 1.7; Pϭ0.02), respectively. When corrected for multiple comparisons, these hazard ratios were no longer significant.
Myocardial Infarction
Cumulative incidence of MI as a function of age for hemochromatosis genotypes versus wild-type/wild-type did not differ ( Figure) . Crude and adjusted hazard ratios for MI in C282Y/C282Y, C282Y/H63D, C282Y/wild-type, H63D/ H63D, and H63D/wild-type versus wild-type/wild-type individuals were all nonsignificant, overall as well as after stratification by gender (Table 4 ). There was 90% power to detect a hazard ratio for MI of 4.7 for C282Y/C282Y, 2.3 for C282Y/H63D, and 1.5 for C282Y/wild-type versus wild-type/wild-type.
Case-Control Study
Ischemic Heart Disease
In unmatched and matched analyses, crude and adjusted ORs for IHD in C282Y/C282Y, C282Y/H63D, C282Y/wild-type, H63D/H63D, and H63D/wild-type versus wild-type/wildtype individuals were all nonsignificant ( Table 5 ). There was 90% power to detect an OR for IHD of 3.6 for C282Y/ C282Y, 1.8 for C282Y/H63D, and 1.3 for C282Y/wild-type versus wild-type/wild-type. In the unmatched analysis, men with H63D/wild-type versus wild-type/wild-type had an adjusted OR of 1.2 (1.0 to 1.5; Pϭ0.04), which became nonsignificant after correction for multiple comparisons.
Myocardial Infarction
In unmatched and matched analyses, crude and adjusted ORs for MI in C282Y/C282Y, C282Y/H63D, C282Y/wild-type, H63D/H63D, and H63D/wild-type versus wild-type/wildtype individuals were all nonsignificant ( Table 6 ). There was 90% power to detect an OR for MI of 4.5 for C282Y/C282Y, 2.1 for C282Y/H63D, and 1.4 for C282Y/wild-type versus wild-type/wild-type. In the unmatched analysis, men with H63D/wild-type had an adjusted OR of 1.3 (1.1 to 1.7; Pϭ0.02), which became nonsignificant after correction for multiple comparisons.
Discussion
Risk of IHD and MI for individuals with the hereditary hemochromatosis C282Y/C282Y, C282Y/H63D, and C282Y/wild-type genotypes was assessed by a prospective study of the general population and a case-control study. In these studies, the hereditary hemochromatosis C282Y/ C282Y, C282Y/H63D, and C282Y/wild-type genotypes were not associated with IHD or MI; however, the study lacks the power to exclude that C282Y/C282Y and C282Y/H63D individuals have a modestly increased risk of IHD or MI. Association of the C282Y/C282Y, C282Y/H63D, and C282Y/wild-type genotypes with IHD and MI could be biologically plausible: these genetic variants are associated with iron overload, 3,20 -22 which could lead to increased oxidation of LDL within the arterial wall and thus accelerated development of atherosclerosis and IHD. 3, 4 In the present study, however, although C282Y/C282Y individuals had increased ferritin levels and C282Y/C282Y, C282Y/H63D, and C282Y/wild-type individuals had increased transferrin saturation levels, none of these genotypes were associated with elevated levels of oxidized LDL in plasma.
Association between C282Y/C282Y and risk of IHD or MI has not been found in any studies to date, including the present study. Association between C282Y/wild-type and IHD and MI was observed in 2 previous studies, in men 14 and in both genders, 12 whereas another study reported an association between total cardiovascular death and the C282Y/wildtype genotype in women. 13 Associations between H63D/wild-type genotype and IHD or MI do not seem biologically plausible, because this genotype is not associated with iron overload, 3,20 -22 and such an association has never been observed. It was surprising, therefore, that we observed an association between the H63D/wild-type genotype and IHD among women in the prospective study and between the H63D/ wild-type genotype and IHD and MI among men in the unmatched case-control study. After correction for multiple comparisons by the Bonferroni method, each of these findings became nonsignificant; however, if a less stringent correction for multiple comparison were used, then some or all of these findings would remain significant. Therefore, these results either could be due to chance alone or alternatively, an association between the H63D/wildtype genotype and risk of IHD and MI may represent a true phenomenon due to an unidentified biological mechanism.
In the present study with 2 different study designs, the hereditary hemochromatosis C282Y/C282Y, C282Y/ H63D, and C282Y/wild-type genotypes were not associated with IHD or MI; however, the study lacked the power to exclude that C282Y/C282Y and C282Y/H63D individuals have a modestly increased risk of IHD or MI. Table 5 . †90% Power to detect an OR of MI at 2-sided PϽ0.05.
